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STRENGTHANALYSISOF STIFFENEDBEAMWEBS

ByPaulK- andJamesP.Ye,terson

SUMMARY

A previouslypu%lishedmethodforstz%ngthanalysisof stiffened
shearwetshaeleenrevisedendextended.A setof,formulas@d
graphswhichcoverallas~ectsof streng~snalysisisgiven,
experimental”dataarepresented,andtheaccuracyof theformulas
as judgedby comparisonwiththesedata3sdiscussed.Revisions
of someformulashaveresulted.in improvedagreementwithexperi-
mentalstressesandwithmorerigoroustheory,particularlyfor
lowratiosof appliedsheartobucklingshear.Thescope“ofthe
experimentalevidencehas.%eengreatQ.incyeasedcomparedwiththe
previouspaperby incorporatingthe.r?sultsof severalinvestigatias
undertaken’sincethen. .. .

.
INTRODUCTION

.,

Manyof theshearwebsusedinaircraftstructuresaresothin
thattheybuckleata fractionof theultjmate‘lo&d.A lyarely
mathematicaltheoryofbasicallysimpleformhasbeendeveloped
forthelimithgcaseofwebsso thinthattheirresi6tahceto
~ucklingis entirelynfigligi~le(refeyence1). Thistheoryof
ptiediagonaltensionistooconservativeforp’ractic~luse
becausetherssistanc~‘tobuclcltigofpracticalwebs- incomplete-
diagmal-tensionwebs - is.farfrombeingnegligible.A mathe-
maticaltheoryof incomplete&iagonaltensionhas%e& developed
(reference2),butitrequiressuchextensivecalculationsthat
itsadaptabilityto stressanalysisisquestionable;moreover,no
adequatecheckof itsaccuracyby comperlngitwithtestresults
overa widerangehasbeenpublished,anditisnotsufficiently
completetoex@ainuprightfailures,probablythemostimportant
itemin tiedesignofwebsystems.

In thefaceof suchdifficulties,practicalstress-enalysts
haveoftenresortedtoentirelyapiricalformulas.Thereare
twoobjectionsto sucha procedure:Withoutthebenefitof some

.
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guidfn.gthory, a verylargenumberof testsisrequiredto insure
thereliabilityofa givenformula,anda formulaestallishetlfor
thestrengthof onepartofa beamiqusuallyofl_ittla,ifany,
helpinestablishingformulasforotheritems.

‘I’homethodofanalysisgivenhereinconstitutesan attempt
toavoidinsofaraspossibletheobjectionsb purelytheoretical
orpurelyemptricalmethods.Thelastsofthemethodisa semi-
mnpiricalengineeringtheoryof inc.omple”tediagonal.tension,made
as simpleaspossibleby ccmfj.ningattenticmtoover-alloraverage
effects.ThetheoryIsformulatedin sucha waythatthelimiting
conditionsoffullydeveloTeddtagaaltenaicmandof zerodiagonal
tension(so-called‘Ishear-resls’%ntweb[’)areincluded;itcan
thereforehe regardedasan aitforinterpolatti$betweenthese
ljmitingcanditicmss

Theanalyej.sisdividedintotwoparts.Thepresentationof
thetheoryandof t]~edesigntormulaqisgiveniln~artIs@ is
keptverybr&f b orderto upproachas closelyaspossible,tie
fi~l fo~ thatttwouldtak~~,a.~&e~&~u~. “part~ 38
devo’tedtoa discussionandexperimentalverificationof the
formulas;itincorpcnwteatheresultsfrcma number,ofprevious
investi~ations.In ordw tokeepthelengthof thispartaltio
tjoa ~~nj.m~, the dlsc~lse~~n has been c“cnf’inedtcjj.tenii”ofd.eoided
practicalinterest.ReadingofyatiIIisnotnecosseryif
Interestis.confinedtoroutineapplicationof thedesignformulas
butisindispensableforanybodywhowishestofntmrprwttest
resultsor toextendormod.j,fythefimmulashaanyrespectx

Thetheoryis.~asicallythesameas that~reviouslypublished
inreferencess-and4,butithasbeenmo~iPietiinsomerespects
andthereforesupersedesthematerialgiven‘in‘thesereferences,

A cross-sectional

SYMBOLS ,. “’

,,

area,squareinches”’-“

yJ ..’. you13~’s ~dtil.usiksi

G shearmodulus,ksj.. . “’ . . .
..

H forceinbeamflangeduetohorizontalcomponentof
diagonaltension,klp .

I momentof inertia,inch:s4

,. ,
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lengthofbeam,tithes

force,kips

staticmomenta%outneutralaxisofpartsofcross
sectionas specifiedby subscriyt,inches3

coefficientofedgerestrakt(seeformula(7))

tmnsverm shearforce,kips

spacingofuprights,$nches

distancefrommedianplsneOTweltocentioid6f
(single}u~righti,inches

depthofbeam,“inches(seeSpecialCombinations)

diagonal;tension”factor

thiclmess,inches(usedwithoutauhscrtptsignifies
thicknessofweb)

en@.ebetweenneutral.axisofbeamsendtirectionof
diagonaltension,degrees

deflecticmofbeam,inches

normalstrain

centroidalradiusof gyrationofcrosssectionofupright
aboutaiisparalleltoweb;inches(no sheetshould
b-eincluded)

normalstress,ksi

shearstress,ksi

,Suhscriyts

diagonaltension

flenGe

shear
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.

web

critical

ultimate

effective

SpecialCombinations

internalfcrcein uyeight,kipe

shear~orcecmrivetsperinchrun,ktpsperinch .

totalstiarstrength(insingleehmr)ofallrivetsin
“otiQ’up&ight,kipa

uprightspacinCmea9uredas showninf-i~e 5(a)

depthofwebmeasuredas shown

depthofhem measuredbetween

depthofbeammeasumd‘between
rivetpatterns,tithes

in figure s(a)

oentroiti~fflanges,inches

centroidsofweb-to-flange

lengthofuyrightmeasure&b9twecmoentroimofupright-
to-flangerivetpatterns,inches

theoreticalbucklingcoefficientforplateswithsimply
supfiortededges

‘tbaslc’tallowableetreasforforcedcripylingofuprights
(validforstresf3esbelowproportionallimitin
compressionOSuyrightmaterial),kei

flangeflexibilityfactor
k’;’G

where Ic and.IT aremcmentsof tiertia

)
flangesndtenalonflangs,rtispectively

●
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I- THE OR YA?XD FORMULAS

ENGINEERINGTEEORYCIE’INCCM?IEt!EDIAGCNALTTXW31CET

In a plategirdersubjectedtoa shearloadlessthanthe”
bucklin~load,thewelplateis ina stateofpureshearalongthe
neutralaxisas l.ndicatedby theinsetdiagraminfigure1(a).:.
Aboveand%elowthensutralaxis,normalstressesexistb.a
horizontaldirection,buttitheinvestigaticmof tiewebforthe
presentpurposethesestressesmaybe disregarded.,andthestress
diagrammaybe assmnedvalidovertheentiredepthof theweb.
Thewebstiffenerscamy no stress.

Iftho’wubIs thin,itwillbuckleata certaincritical
, shearload. If theloadisincreaseabeyondtiecriticalvalue,

thebucklepatternwillgraduallyap roacha c~iguraticncm-
7sistingofparsllelfolds(fQ. l(b), In thetheoreticallimittig

caseofan infinitelythinsheet,thewebcarriespuretensile
stressesin thedirectionof?thefoldsae inuca~tdby theinset
diagamfnfi~e l(b). Theangle a whichthesefoldsinclude
withthehorizontalaxisof thebeamIsusuallysomewhatless
than45°. Simplestaticalconsiderationsshowthateachuyright
carriesa load

,“
Pu =TtdtSIICL . . (1)

,asreactiontotl$evertj,calcomponentof thewebtension,md each
. f ian~ecarriesa.coqress~tief orcp.. . ‘.

,,. ..,’” ..
H=:cota’

.’
asreacticmtothehorizontalcompaentofthe
Tofitias(1)and(~)cm be eval~ted~ce the
Thetheoryofpurediagonaltension(reference
angleis”gtvenby +Aeformula

E - e%
tan2a= p

- ~:

,,. . ,.
. ... .... .,”..

(2)

webtension.
angle a 3sknown.
1) showsthatthis

(3)

where ~ 3.sthestratiin theweb, e= 3s thestrainin the
flengbsdueto& force H, and ~ is thestrainin theupright.
Elongationiscorisiieretias~ositivestrain●
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Tn a practiaalthfn-webbeam,thestateof stresstitheweb
isintermediat--between~ureshearandpurediagonaltensian.An
engineeringtheoryof thisintermediatestateofincompletediagcmal
tensionmaybebasedon theassumptionthatthetotalshearforce S
inthewebcenbe dividedtitotwQparts,a part Ss carriedby

‘pureshearanda part ~ carriedby purediagimaltensicn;thus

sms~+~ . ..

Thisexpressionmaybe writtenin the

%T “ .=

form

s~ = (1 - lC)S
(4)

where k isthelldiasonal-tensionfactor1[whichexpressesthe
degreetowhichtiediagunaltensfan>s developeaata givenload,
Withthisfactor,thestateof’pureshear5.scharacteri.zqdby k = O,
andthestateofpurediag~l tension,by k =--loThestress
cordftionofiawmbelementiisshowninfigure.2 f’or’thetwo
limitlngcase~ k = O and k S=1 ma foran intermediateca~e.

., ,Thefactork hasleenestablishedempiricallyby evaluat~
strainmeasurementsonu~@hts beca~ethestiesuesin theuprights
constitutethemostsensitivercriterfon~for%he.-de@?eetowhichthe
diagonaltensionisdeveloped.Fckloadelgss“&cm’fivettiesthe
bucklingloads,forwhichtheaccwmcyOF thee~er~ntal results
isoftenpoor,usewaemadeofthecalculations~a~ lIymeaneof
Levy’sMi.rCe-defloct@n-theory ofplates(references7 and6).
Frtmthese experimentaland~eoreticaldata,iiwasfouniithat k
canb? givenbythe exprmsion

(5)

—.-

As longas thewebisresistingsomecompressivestressina
diagonaldirection,it cenalsoreeistsanecompressive”stressin
‘&everticaldirectionandthusaseisttheuprights.If the
distributionofltheeeverticalcompressivestressesisassumed.to
We sinu80i*limmediatelyafterbucklingas inatcateainflgwre3,
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thetotaleffectivewidthof sheetcooperatingwithtieupright
is o*5d. Theeffectivewidthwilldocroaseas thediagonaltqnsion
developsandtillbecomezeroforfullydevelopeddia~onalten~icn
(k= l), H ther3ffc3ctfvewidt..isassumedtodecreaselinearly
with k, theeffectiveareacontributedby thewebtotheupright
Is

J%*=0.5tlt(l- k) (6)

A correspondingass~ticm couldbemadeforthecontributionof
thewebto theflangeareaas farasresistancetotheforce H
giventyformula(2)isconcerned.z%isrefinement,however,is
probab~unnecessaryin thsanalysisofbeamwebs,

Formulas(4)b (6)arethefundamentalformulaswhich
generalizethetheoryofpuredi~onalteneiontocorerthefull
rangeof incompletediagonaltonsimfromthelimitingcaseofpv3e
shearto theLhnItingcaseof’fullydevelopeddiagonaltension. ,
Theyenablethestressanalysttotikea reasonq.blyaccurate
estimateof thest~essesin thebpri@ts;thenecessityofestt;
matxlngthesestresseswitha muchbettevaccuracythanthatafforded
by thetheoryofpw-tidiagonaltensicmhasbeenthepredominant
reasonfordeveloptiga theoryof incompletediagonaltansion,

me ~eory expressedby formulas(4) to (6) definesonlythe11over-allstateof stressin themedianplaneof theweb. It
doesnotattempttogivean accountof thedetaildistributionof
tlhesestresses,nordoesitgiveanyaccountof thebendingstresses
inthewebsheetinducedby theshearbuckles.Consequently,all
problmnsthatiri~olvethedetailsof thewebactionrequire
additionalassumptionor empiTicaldatafortheirsolution.Fora
numberof items(forinstence,forceson thewebattachmentrivets),
themagnitudeislmownforthellmittigcasesofpureshearand
purediagonaltension;foranyintermediatecaseof incomplete
diagcmaltension,thema~i.tudecanthenhe estimatedbyinter-:
polatingbetweenthelimitlngcaseswiththefactork as argummt.
Straight-1ineinterpolationisusedunlessempmicaldataor
theoreticalconsiderationsfndicatea differentfiwofvariati~~
Forsomequentiti.es,straight~lineinterpolationisusedfor
simplicityendconservativenessalthoughthetheoryindicatesa
morecomplicatedlaw.

A minor”ttemfromthetheoryofpurediagonaltensionshould
bemmtionedhere. Theverticalcomponmtof thediagonaltension
in thewebwillbendthebeamflangesas indicatedinfigure4.
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As a result,thetensiawillbe relievedb sanepartsof thewob
and.correspondinglyincreasedh otherpartsof thewebas intlicatea
‘bythespacingof thediagonalsinthefigure.Theredistribution
ofwebteneicn,intwn, willdecreasethesecondarybending
momentsintheflanges.Thetlneoryof theseeffectsisUscuased
inreference1. -

FCIWITASFORSTRRSSANALYSIS

LimitationsofFormulas

Theformulasgivenhereinarebelievedta
assuranceofconservativestrengthpredictions

givereamxw%le
ptiovideathat

normal&esignpracticesapdyro~o~timsareused, Themost
,importantpointsunderthisprovisicmarethattheuprightsshould

[
k“nothe toothin sayt > OSG

)
andthattheuprightspacingshoulti

notbe toomuchoutside.therange 0.2< & 1.0.

(Very thinwebq ~ > 1500
)

withsing3.eu2ri&t8,an&very

“tiick‘bsk<’’””)havenot‘beenexploredadequately.Forweb
systeqsin these r&@a,, some“possibi.lityofunconservativeyre-
d.i.ctions‘mayexi8t● ‘

Theacc,pracythatmaybe expectedof $hestrsngfipredictions
is.discussedinpart11,whichpresentsthee~e@.mental.evidence.
The,ori@.nof theformulasandtherefircmcesarealsogivenin
Partll--inordm tokeeppartI freofromdetailsnotnecessaryb
,t.herout~ea~plication-& the”f_&s .,.

,,
CrtticalshearStress

Zn theelasticrange,thecrittcal.~ear
betweentwouprightsiscalculatd

..

t2
Tcr ()[

= k~sE~ Rh +
-~

stressofthesheet
by theformula

(7)

4

.
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where

k5s theoreticalbucklingcoefficient[q~h &
fIg.~(a)) forpaneloflengthhc andwidth &
withsimplysupportededges -

dc widthofsheetbetweenuprightsmeamu?ed
figure~(a),inches .,

IIc depthofwebmeasured

Rh restraintcoefficient
(fromfig.5(h))

R& restraintcoefficient
(fromfig.~(b))

as showninfigure

foredge8ofsheet

foredgesof sheet

as shownti

~(a),inches

alongupright

alongfleng9s

5

(If dc> hc, substitutehc fOr dc, ticfOr hcj Rd fOr Rh,
and Rh for Rd*)

Curvesof thecriticalshearstressesforplatesof2hS-T
almminumalloytithsinqjl.ysupporteded~esaregivenjnfigure6.
Totherightof thedashedline,thesecurvesareplotsof the
theoreticalequation

2
T
cr ()

= kaaEi
$0

:.

andmayle usedformostaluminumalloys.To theleftof the
dashedline,‘&ecurvesrepresentr3traight-linetangentsto the
theoreticalcurvesina nonlo~arithmfcplotendarevalidonly
for24S-Talloy.

Whentheuprightsareverythti,thevalueof Tcr obtained
by formula(7)maybe lessthanthatobtainedbyneglecthgthe
presenceof theupri@ts. Wehsystemsof suchabnormalproportions
shouldnotbe desi~edby theformula~of tilepresentpaper,

LoadingRatio

Theloadingratiois theratioT Tcr ltiere7 isthe
/

depth-wiseaverageofnominalwebshearstress,thatis,of the
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shearstressthatwouldefistin thewebIfbucklingwere
utificiallyprevented(byextezm.alrestraintsactingon theweb).

WhenthedeTthof theflangesis smallcomparedwiththedepth
ofthebeam,andtheflangesareangleeectione,&e stiesaT my
be computedby theformula

%
‘=h~

(8)

ti %eamiwith othercrosssections,theaveragenominalshear
stressT shouldbe computedby theformula

~=%’% 2%[)~1+’-—
3+ (9)

where ~ is thestaticmomentabouttheneutie.1axisof theflange
materialand ~ isthestaticmomen&abouttheneutmd.axisof the
effectivewebwtorialabovetheneutralaxis.Forthecomputations
c#Iand Q, theeffectivenessof thewebmustbe estimatedin
firstapproximation.Ae seco@lergdfinalap~roximation,the
effectivenessof thewebmay@ takenas equal‘tG-~1 s k), where k
Isthediagonal-tensionfactordetermined.in thenextetep;b other
words,when I and Q arebeingcomputed,theeffectivethickness
of thewebis takenas (I.- k)t.

Diagonal-TensimFactork

AftertheloadingratioT/Tcy hasbeenccmpute~,the
diagcmal-tensionfactm k
readfromi?hyxre7.

Average

Theaveragestressau

can b;-ccmputedby formula(5] or

S&ess inUpright

ina doubleupright
thelengthof thetipright)-is@ven by the

k7~U
aU= Au’

~y o.~(l- k)

f Orrd.a
(averageover

.

.

“

.
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whichfollowsfromformulas(1),(4),and (6). 1%canbe evaluted
withthehelpoffigure8 orfigure9 whichgivetheratio %.#
as a fmctionof theratioAu/dt andtheloadingratio7/Tcr.
Thestressw isuniformlydistributedoverthecrosssectionof
theuprightuntilbucklingof theuprightbegins.

The stress gu fora singleuprightis obtainedin thesame
manner,exceptthattheratioAu/dt isreplacedbyAUe/dtwhere

Au
Aue= 2

()
1+’;

(lo)

Forthesingieupright,au is stillan averageoverthelength
of theupright,butitappllescmlyta themedianplaneof theweb
almg thelineofrivetsconnectingtheuprighttotheweb. In ECV
givencrosssectionof theupright,thecompressivestressdecreases
withincreasingdistancefromtheweb,becausetheupright3Sa
colvnmloadedeccentricallyby thdwebtension-(Forthisreason,
formulasforlocalcripplfig&sed on
distributionof stressoverthecross

I

Maximum Stressin

theassumptionofa uniform
sectiondonotapply.)

Upright

The stressau inanuprightvariesfroma maximumat (or
near)theneutralaxisof tiebeamtoa minimumat theendsof
theupright(!’gusseteffectrt).Theratioof themaximumstress
tatheaveragestressdecreasesas theuprightspacingor the
loadingratioincreases.Theempiricalformulafortheratiois

(n)

()%~xwhere — is thevalueof theratiowhenthewebhasjust
‘% o

buckled,Theratioisgiven’graphicallyinfigure10.
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An@e ofDiagonalTension

Theanglea betweenthedtiectionof the diagonal tension
andtheaxisof thebeamcanbe foundwiththeaidoff@ure 11
sfterk and uU/T havebeendetermine&.

AllowableStressesinUprights

Thefo130wingfour
conceiv&ble:

typesoffailureofuprightsare

(1)

(2)

(3)

(4)

Cohmnfailure

Forcedcripplingfailure

Naturalcripplingfallure

Generalelasticinstabilityfailureofwebandetiffeners

Columnfailure. - Colunmfailureain theusualmean
Y

ofthe
word?failureduetoinstability,withoutpreviousbowtigare
possibleonlyindoubleuprights.WhenCOIUEXLbowingbegins,the
uprightswillforcetheweboutofitworiginalplane.Theweb
tensileforceswillthendeveloyccxnponentsnormalto theplane
ofthewebwhichtendtoforcetheuprightsBackfiThisbracing
actionistakenintoaccountby usinga reducedeffectivefrcolumn
lengthof theuprightLe, whichisgivenby theempiricalformula

(u)

Thestressau atwhtchcolumnfailuretakesplacecanthenbe
foundby enteringa standardcolumncurvefortheuprightwith
theslendernessratioLe/p asargument.

Theproblemof ‘~columm;’failuresinsingleuprightshasnot
beeninvestigatedtoanyextent,andtestresultsaregreatlyat
variancewiththeoreticalresults.Thefol.lowtigtwocriterions
aresuggested,forstrengthdesign:

,



(a)The Stress ~ should,beno gxeaterthanthecolumn ‘
yieldstressfortheuprightmaterial.

(b)Thestressat &hecentroidof theupright(whichisthe .
.averagestreesoverthecioss,eection)shouldbe no greaterthan
theal.lows’blecolumnstressfortineslendernessratio ~/2p.

Thefirstcriterionaccountsfortheuprightacttigas an
eccentricallyloadedcompressionmember;theselmndoneiskm
attemytto takeintoaccounta two-yavetypobf bucklingfa$.lure
thathasbeeno%servedinveryslenderuprights.‘

,.,.
Forcedcripplingfailure.-Theshearlmcklesinthewebwill

f’orcebucklingof theupri@itm thelegattachedtothewe%,
particularlyif theuprightis thinnerthantheweb, Thesebuckles
givea leveram to thecompressiveforceactingin thelegend
therebyproducea.severestrqssconditicn.Thebucklesinthe
att@chedlegwillinturntiducebucklingof theoutstandinglegs.
I@ singleuprightsthe-~utstendi~legsarerelievedtoa con-
siderableextent’byvirtueof thefactthatthecoinpressivestress
decreaseswithdistancefromtheweb;theallowablestressesfor
singleuprightsarethereforosomewhathighertkm thosefordouble ‘
uprights.Becausetheforced’cripplin~isofa localnature,itis
assumedtodepend,on thepeakvalue cru of theuprightstressMax
ratherthanon theaveragevalue.
,. The.uprightstressatwhichfinalcollapse
by thefollowingempiricalmethod: ‘

(1) Computetheallowablevalueof =x
elasticuprightmaterialby theformula .

—.

occum is obtained

fora perfectly

U. = 28k ~tq/ti (forsingleuprights) (1>)

(’2) If do exceedstheproportionallimitfortheupright
material,useas allcwsblevaluethestresscorrespondingto the

P
compressivestrainU. ,.

(3)If k < 0.!5,usean effectivevalueinformula(lza)
or (13b)givenby theexpression

ks = 0.15+ O.m (13C)
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Naturalcripplin~failure.- Theterm%aturslcripplingfatlurel’
ieusedhereintodenotea cripplingfailureres@_tingfroma
compressivestressuniformQdistributedoverthecrosssectionof
theupright.‘Bythisdefii’d.ticn,itcanoccw onlyind.outle
uyrlghta.To avoidnaturalcripplingfailure,thepeakstressaUMx. . —
intheupright@houldbe lessthanthecripplingstressofthe
sectionfor L-~0. NatmalcripylingfailuredoesnotapyeartoD
be a controllingfactorinactualdesigns,

Generalelasticinstabilityofwebandstiffeners.-Test
experiencesofarhasnot–indicatedthatgeneralelasticInstability
need%e consideredin strengthdesi~..Apparently,thewebsystem
Issafeagainstgeneralelasticinstabilityiftheupri@tsare
ikesignedtofailby columnactionorby forcedcripplingat a 8hear
loadnotmuchlowerthantheshea~”strengthof theweb. It should
beborneinmind.,however,thattiete~texperienceavailableat
presentisnotadequateforverythinand.forverythickwebs.
(Seesectionpfpresentyaperentitled“LimitaticrmofFormulas.“)

WebDesign

Fordesignpurposes,theTeakvalueof thetimtnalwebshear
stresswithina bayis takenas

where Cl and C2 arethefactorsgivenh flgwresX2and13,
respectively.ThefactorCl constitutesa correcti.cmfactorto
allowfortheanglea of thediagonaltensiondifferjqfrom45°.
ThefactorC2 makesallowanceforthestresscancentraticnin
thewebbroughtabout%y flexibilityof theflangesasdiscussed
inconnectionwithfigure~+.

Theallowablevalueof Tmx is determine~bytestsend
dependscm thb’valueof thediagmal-ten81gnf~tor -h-aswell
as on thedetailsoftheweb-to-flangeandweb-to-uprightfastenings.
.Fi~e 14 gfvesempiricalcurvesfortwoaluminume.1.l.oys,It should
30notedthatthesecurvesctitainanallowancefortherivet
factor;inclusionof.thisfactorin thesecurvesispossible
becausetestshaveshownthattheulthateshearstressbasedon

.

.

.

.

.

.
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thegrosssection(thatis,witioutreductionforrivetholes)is
almostccmsteuit%ithtithenormalrangeofrivetfactor (~ >0.6).
A seyaratecheckmustbemade,of couzwe,
allowablebearingstressesbetweenrivets
exceeded.

,..

tohmlro that the
antisheetarenot

RivetDesign

Theloadpertnchrunactingon theweb-to-flamze rivetsis
takenas

%?
— (1 + O●hxk)‘“ =hR (15)

Withdoubleuprights.theWeb-to-unrimtrivetsmustprovide
sufficientlongitudinalshearstrengthtomakethetwouprights
actasan titegralunituutilcoluunfailureoccurs.Thetotal
rivetshearstrength(singleshearstrengthof’allrivets)required.
fo.r.anuprightis

(16)

,.
where

~co columnyieldstren@l.ofuprightmaterial(if IScois
eqyessedinIssi,Rtot willbe h kips)

Q staticmomentof crosssectionofoneuprightabouten
,, axis+nthembdiknplane,oftheweb,inches3-,

,. . .

b wld.thof outstandhglegofupri@t,inches

h@e ratioobtatiablefromfomqla (12)
‘, ,,
“ Therivetsmustalsohavesufficienttensilestrengthto

preventthebuckledsheetfromliftingoffthestiffener.The
necessarystreng’kisgivenby thetentativecriterion

Tensile.
.,

where ci~t is

stren~&(per.inch)ofrivets>0 .15tatit (17)

the tensile.g$rengtiof theweb.

I
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For”web-to-upright~ivetson sin~leuwri~ts,therequired
tensilestrengtiisgivenhy thetentativecriterion

.. ~

Tensilestrength(perinch)’ofrivets>0.22tatit (19)

(Thetensilestrengthofa rivetisdefinedas thetensileload
thatcausesmanfatlq?e;if tiesheetisthin,failurewillconsist
Inthepullingof therivetthroughthesheet.)

. . No criterionforshear’strengthofitherivetson single
uprightshasbeenestablished;thecriterion,fortensilestrength
isprobablyadequatetoInsmea satisfactorydesiq.

Theyitchof therivetson singleu~rightsshould%esmall
enoughtopreventtiter-rivetbucklingof MO web(ortheupright,
ifthinnerthantheweb)at a coiupressivestressequalto a%x.

me yitchshouldalsobe lessthan d/1 inorderto$ustifythe
assumptlcmon edgesupportusedb thedetetinaticrnof Tcr. The
twocriterionsforpitchareprobablyalwaysfulfilledifthe
strengthcn?itericmsarefulfilledandnormalrivetingpractices
areused.

.
Theupri~ht-to-flengerfvetsmustcarrytheloadexistingin

theuprighttitotheflange,

qJ = qjiu (fordoubleuprights) (19)

Pu = a~ue” (forsin&leu*@hts) (20)
. .

Thesefozmnzl.asneglectthegusset--sffeci(decreaseof UU towards
theendsof theupright)inorderti.beconservative.

Secondary3endingMomentsinFlanges m

Thes-ecaxiarylendingmcmentina flange,cause~bytheve~tical
component-ofthediagonaltension(fig,4),maybe takenas

.,

1 k#.c3 ,M=B (21)

.

.

.

.

where C
?

isa factorgiven’infi&e13. Themomentgivenby
formula21)is themaximummomentin thebayandexistsat the
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endsof thebayovertheuprights.E C3 and k are nearunity,
themomentin themiddleof thebayishaM as largeaf3thatgiven
ly formula(21)andofopposttesi~. (Seefig.4:)

ShearStiffnessofWeb

Thetheoreticaleffectiveshearmodulusofa web
diagonaltensicmisgivenby figure15. Thismodulus
intheelasticrange.

—

Ge inpartial
iS‘validOtiy

11 - DISCUSSION OF FOR MU LA SAND

EXPERIMENTAL EVIDENCE

Tn thefollowingpart,of thepre-8entpaper,thefor&ulasand
theexperimentaletidencearediscussedinthesequenceinwhich
theformulasappearinpert1. Theexperimentalevidencepresented
isbasedonresultsfr~ manufacturers1testsandtestsmadein the
LangleyStructuresResearchDivisionof theNMU. All test
evaluationsme basedonactualmaterialpropertiesinsofaraa
possible.

TESTSPECIMENS

The‘tilysiscoversabout90 beamstestedly fourmanufectm”ers
and32beamstestedby theNACA. Someof themanufacturers1tests
couldnotbe fullyanalyzedbecausethedatawereinco~lete,The
rengeof thetestscanbe definedasfollows:
,

Ratios Range
●

h/t - 300tO2500. d/h 0.18to0..91
Au/dt. 0●039to1.2
~~t 0.42to8.4

.

TheNAGAtestsarediscussedingreaterdetailthanthe~~
manufacturers1testsbecausethest.n%ln.measurementstakenin
thesetestsservedas themainbasisfor eetablishlngthe “



.
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diagonal-tensionfactork. Theessentialdatacmallbeams‘tested
by theNACAaregivenhereinW cand.eneedformin ordertoobviate
thenecessityofreferringtoreferences4, 7,and8.

~achbeginof theNA~ ~eriee~Sgivm a codedeaj.gcmticn8uch
asI-25-4D,withthefollowingmeaning:

I

27

4

i)

dosigpatesthetest-=aeriesofreference4 (Series11 is
fromreference7,,series111fromrefer&ice8, swim N
fromrecenttestsnotpreviouslypublished.)

istheapproximatedepthofthebeemininches

isthenumberof thebeamwithintheseries

standsfordoubleuprights(S forsingleuprights)

., me
The
are

lasicdataon thebeamsaregivenby figure16andta%lo1.
m?daresultsof thestrengthtestsandof thecalculation~
@ven intable2. ~~

CRITICALSHEARSTEWSSIM5

Formulasforthecriticalsheerstressofa flatpla.fmwith
simplyflupyortedewes maybo foundinreference9. Formula(7)
forplatesinwhichtheed~econditicmsu&me Pairofew08
differfromthosem theotherpairofedgeswasobtained.by
fittingenempiricalcyrvetotheorat~calres~tsforplateswith
onepairofedges.simplysup~cmted(R= 1)andonepairofsd&es
clamyed(R= 1.62). Thetheoretic~lres~~swgretakenfrom
references10 to130 Someof theresultsgiven~ reforacoU
wereshowntobe inerrorbyMoheit,whoseresultsaregiym in
reference13, but corrected.values”werenotgivenforalloa9es
thatmay%e inerror.A definittistatamontan theaccuxacyof
formula(7)forthecaseof twocdgoscle.mpedandtwoedgessimyly
supportedcanthereforenothemade,butitisbelievedthatthe
formulahasa maximumetior.ofalout4 percen~.

.

Therestrain+,coefficientsR givenbyfigwe~(b)arebased
onincidentaldetemninationsofbuckling~’tre~sesa in 5m---
beem tests. It shoul@%erealizea,first_ofall,thatre~resentingR ‘-”
asa functionofonly ~/i cam9titmte8a ratherextremesimplifi-
cationofa verycomplexproblemend,furthemnore,theexperimental
determinationofthecriticalstressina beamwebi&a difficult

.



. problem.!Ihecur~esgivenshould,therefore,not%e interpreted
affmeansfora veryexactdeterminationofthecriticalstress,
butasmeansforobtainingan approximatevalueof thecritioal
stressadequateforthepurpoeeofobtainingthediagonal-tension

● factork. Theuppercurveoffigwe 5(b)isbelievedtobe
reascmatilyreliablebecauseexistingtestdataagreefairlywell
wfthit. Considerabledoubtexistsabouttielowercurve,

%“partioulerlyfor~< 1.!2,becausethetestdataarenotonly
verymeagerbute.leodifficulttointerpret.,,

,,
Thep=”tof thecurvenear the o~iginisshownas,adashed

Mne to indicatetwofacts.me is thatno experhu?ntalevidence
wasavailableforthisregimo Theotheroneisthattheappli-
cattanofformula(7]inthis,re~icnmaygive,bucldingstresses
lowerthanthosethatwouldbe obtiinedifthepresenceof the
upri@%eweredisregarded.entirel.yandthewebwereconsidered”
asa plateframedhy the”beamflangesand-thetipandrootuprights.
!RIisobviouslyerruneoueresultiscausedbythesimplifying
asswnpthnstmpliedby formula(7);fortunately,.,itappeasvery
Improbablethatthere@on in questiontillbe,approachedm ~
actualwebsystemdesignedtodevelopa strengthsomewherenear
theshearstrengthof theweb;

DIAGCNAL-TENSICNFACTORk

Formula(~)forthefactork wasobtainedbyfittingan
empirioalcurvetovaluesof k calculatedfromthestrain
measurementson theuprightsof theNACAtest‘beams.A direct’
comparisonof thecalOtiLatedvaluesof k endtheemirical

.... expressionM notgivenbecausett isofmuchlessinterestthen
&e comparisonof tieexperimentaluprightstresseswj.ththose
predictedwiththeaidof the-eripirical’bcurve.

POW.IXSIScHAR~.

Theanalysischartq(ftgs.8 and9)werecalc~atedfromthe
formulafor crugiveninpartI undertheheadingAverageStress
inUpright.*’Thisformulamustbe evaluatedbysuccessiveapproxi-
matimebecausetena isa functtonof ~ accordingtaformula(3).
Theflemgeareawasassuredtobe solargethht ex couldbe
neglectsdinformula(3).

.
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..,,
.,

:.. .,

. . -:, ,..,;,.. ..
“Theuseof theanalysim.~~ts.:G “determinethe.stresse.&@

dingl~uprights3Ymeansof:theef$qctiv?{cro~a~sectionarea,Aue.
(~ormula(10))Iriipli.esseveral’simpIt&tigassumptions.Formula(10)

...-

‘.isobtainedfromthefamiliarformulafcmeccentricallyloaded.’
compressionmembers ,.. ..-.. :+-..:.” .,

...... . ...”

. ..., .
.. .:

by setting c = e and I = &Ao Theimpliedassumptimsecre:

(a)?& occehtiicityo ofthel-a isconstant. .-”“. .

(b).Theratio e/p -isnotchangedappreciablyif the-
contri?xztionof thewebto theeffectivecrossaecticmofthe;
uprigli$isneglected. ,,.

.’ ..
Ass@ti.m (ajis,plausibleiftheuprightsareve~ close~v.
spaced,becauseth?webthenmoves~th theupri@ts(reference1)*
Tn gene~l,”however,bothaspumptionk!canbe justifiedon~ by the.
fact:thattheyhaveyieldedgoodrqyeementwithteat.results~
Thickwebsarelikelytoreauiremorerefinedassti~tions.If ‘. .

eitherassumption(ajor (bjisdropped,
beusedforwebswithsingleuprights.

VXRIFICATICNOFSTRESS

theanalysischartscahnot
.

FORMUIAS
.,

In thissection,resultso%tainedbymeemsoftheengineering
theoryof ~ncompletidtagonaltensiontillbe comparedwith. .

(a)~~erimenLtilstreseesdednceafromNAC!Astrainmeaevremente
onuprights .-.

(b)Uprightforcescalculated3yLe~fs theory(references~and6)

(c)Diagon&-teneionfactorsk deducetlfrcmtheteatsofLahde
andWa~r (referencelk)

““Otitiiini.br Probhuie ~’NAClltests.-In the~ACAtests,the
titrains;h theu’pr’ightsweremeasi.liedwithelec&”icalgages.~In
.Or”ddr:to’obtaina.~easdlablyrepresentativeaverage,a f,airl.ylarge
fiuml&:Iof@age’st.att@s%s ~ised.on eachupright(ggageatatlcms
on the25+31c11boq, of.~q~iesIIand111)andmeasurementswere
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takenm twoor threeuprightsdepemlingon thetotalnumberof
uprightsin thebeam.Afterthestidmshadbeenconvertedto
dtreeseewiththehelp-ofstress-straincurvesohtiinedfromcoupon
tests,allthestwessesforonebeamwereaveragedtoobtainthe
finalvalueof au shownk theplots.

@?J&@-$mwithesmerZmentalstressesin doubleupritits,- Cm
doubleuQri@ltS, a pair03@.geswasused.ateachstrainstatim
inordertoaverageoutb~ndtigstresses● Theefficacyof this
device,&epend.son thedegreetowhtchthetwostiffenerscomprising
theuprights‘actas an integralunit.A highdegreeof titegral
actianwasprobaylyachievedinallthebeamsdtscussedheretn,
and,wi12.probab~vbe achievedInanyham h whichtheupr$@.ts
arenotthinnerthentileweb~ providedthcttherivetconmcticm
isadeq.uatotoprevent@xw-rtvetbuqkling.

., Xnepectlonoffigure17 showsthatthecalculatedvslussof aU
“fordoubleuprightsaregoner~ consmw’attveor incloseagreement
withtheexperimentalstress~s;theonlycaseofa decfdeuYm~-
sertitive.pre?licticmisbeamIV-72-3Dath&h loads● A somewhat
curiousphenomenonisshownby bemnIV-72-ID,for which uu begtis
to decreasewithincreesin~load”at a loadwellbelowtheultimate.
Thephencmenunappearstobe llnkeiitosomeextentwiththeeffects
oflocalbuckllnflor forcedcri~pling.!l?fiebeamin questionhad
nextto thelowestratioof ~/t of all thedouble-uprightbeams
tested,andthe,samephenomenonwaseti~ibitedtoa much&ea’@r
degreeby the~in@e-uprightbeamIV-72-W,whichhadan evenlower
ratioof ~/t. ,Someother&ouble-upri@tbmme wttha sgmewhat
higherrattoof :lqy/t(beams111-2~-4Dand111-25-7D]appearto
$ndicatea sli@t tendencytomd thesamephenomenon● It is,
therefore,debatablewhether~ reallybeginstodecreaseor
whetherthestrainreadingsarei’alsiffedby localbucklingstre,sses.

Comparisonwttiexperimcmtalwkressesin sin~leupriehts.- The
predictedstiesses~ for@n@e uprightsme validonlyfortie
medianplaneof tiewebat theupri@tinquestlcm,whereastie
strainmeasurmen~swere@zen on theexposedfaceof theattached
leg..&theup@@t. la or~ertopermita d&ect ccanparison,the
predicted.stresseswerecorrectedtothe.ylaneofmeas~emmt,
assuminglinearstressvariationin theuprights.

. Ihsfngieuylghtsitisnotpossiblotoaverageoutbending
stressesby usingpairsof’gages.Theoretical=,theyco,uldbe

‘-almostavera”gedoutifgageswerelocatedoneacHcrestendineach
. troughof thebuckles,butthebucklepatternscamnothe pred3cte&

:,: ,, .,.-
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withsuffi.cientaccuracyto,achievesucha distributionM.gages.
lhordertogivemme itiaof themagnitudeof thebendings+messos,
figure17 showsforallbe- withsingleuyrightsnotonlythe
averagestre85 UU butalsothelowestendtheht~estindividual
stressmeasuredat anyonegageinanyof theuprightsof tiebeam
ateachload.Inspectionofthefi~e showsthattherangefrom
thelowesttcithehigheststressisquttelarge.Zn syiteof this
fact,however,theexperimentalaveragestressUU a~ees quite
wellwiththepredictedstressinmostcases,muchcloserinfact
“thanfordoubleuprights“cgnsiderimgalltests,eicceptthatonthe
single-upright~eamsthestreesesa~~at-thehighestloadsshowa
tendencytoexceea.thecalculate?s.t~eesesina nuriberof cases.

Thephenomenmofa re~ersal &a thpcurveof au againstload,
notedforbeamIV-72--ID,i~etiibitedverymarkedlybybeamIV-72-4S.
Thisbeamhada.ratioof ~/t ofunity,thelowestofallsingle-
uprightbeamstested.Therangeof tidiviiiuals~esseeisextremely
large.Tensilestressesof largema~itudeappear,whereasinall.
otherbeams,thestressremainedcompressive;thatis,thetensile
streesduetolocalbucklingyasalwayslessthanthecolumn
compressivestresstitheupright(withminorexceptionsfor
beamm-72-2S).

ComparisonwitiLevy‘stheorY9-Onmostof thebean&tested
tiecriticalshearstresswastoolowtopermit-ccmqm’isons,atlow
loadingratiosT/rCr. The only exceptionswerethebeamsof
seriesIV,and,as”noted,theresultsontwoof thesewerepre-bly
yatitl.yinvalidatedby localbendingeffects.Fortunatelytheregicm
Of 10W T/icr i.s reasonablyamenabletotheoreticalcalculaticms.
Levyhasdevelopeda suitabletheoryofylateswithlargedeflecticms
endhascarriedthroughcalculatixmsforsetieralsyecificcases
(references~~a6). Ccauparisonsbetwbentheresultsobtainedby
thepresentsemiempiricalmethodex@Levyfs@eoreticalresultsare
showninfigure18.

!lheupdight’load ?~x titherthexitheuyrightstressis
showninfigure18 inorder~at theresultforthetheoretical
limitingcaseof infiniteuprightarearni&tbe included.The

Au
agreementfor “:= 0“.4 Emd.=”= 0.25 is%z?yclose,Forthetwo

a.
cases with ~ = 1.0, the agreementisnotsoclose.Forthefinite-

sizeupright
rti= “@ “

theuprightloadpredictedby thepresent

.



. theoryis

d.etiatlcm

lossthanthatprdictedby Levy’stheory,witha maxirm?m

ofabout30percentat‘~ = 1.5;fortheinfizzitelylhrge

upright,thedeviaticm
Althoughme agreeumt

desir?d,theagreemen$

“Cr
isof’thesames.fgnandecmewhatlarger,

afor’~ = 1.0 isnotsogood”as,mightbe’

dforthis&8e aswelJae for ~ = 0.40 is

yerymuchbetterthanthatshown+A,references5 and6,whichwere
baaedontheemresstonfor k giveninreference3.

~owletlgeof thestrengthof%eamsdesi~edtofail(by,
simultaneousfailureof theuprightsand.th8we~) at lowratios
of Tpcy isvezyincompleteatpra~eni.ThereareIndications,
however,thatforefficient“designsthespacingratio d/h will
probablybe about1~2. Thesemienpiricalmethcdofpredicting~
appearstoholdpromise,therefore,ofgiving.reasgm”ableaccuracy
h therangemos;imp,or%nt.fo~,}esignevenforwebfithatare
commonlycalled,~shear-resistantwebsratherthan incomplete-
diagonal-tensionwebs. .

C.omnarisonwithtestsofLahckeandWarner.-Thectmprisonewith
experimentspresente~sofsxhavebeenma.?.efobme ‘stiessesau
ratherthenforthediagonal.-tension’“fac”tqrk”because‘thestress
isthedirectlymeapul*edquantityendisofgreaterdirectinterest.
Fortietestsreportedinrefezwnce14,It ismoreccrnvenientto.
comparevaluesof thedia$on@.-t.en~icmfaci%rk. ThesOtestswere
notmadeonactualbeams,titcmplatestia specialtestjig. The
testconditionsweresomewhat’ertifiqialandmaynotrepresentthe
conditionsexistingtia beamTorywell● Therewe also&tibts
concerningtheevaluationandtitorpretaticn~of thetestresults.
As & matterofsomeinterest,however,figwe 19 showsthegraph
for k ohtain?dby a comparism-betweenformula(~)W. experimental
valuesof k deducedfromthesetestresults.Ih viewof the
factorsofdoubt’mentioned,theagreementSa perhapsas &modas
canbe expected.Thefactthattheexperimentalpointsliecon-
sistentlyabovethecurvemaybe e@ained inpartby thefactthat
thecritic~stresshasbeentakenat thetheoreticalfil.ue~or “
clezupededges;it Iswellknownthatthefullyclampedcondition
canbe realizedmly imperfectlyin tests,andlackofinitial
flatnesswouldcausea furtherreductia of thecriticalstress.

Ma@nwnstressesa%x fiUprightS.-Eo-a (11)forthe

ra~iou~xfu~ :SbasedonLevy’stheoretical.results(references5

‘a
.-.

Z@ 6) for := 1.0 and ~ = OJ+O’maonthe am.mpticm of’ linetw



variationwith d/h.~Lineardecrease
unityat k = 1 wapalsoassumed,

On singleuprigh~,eqerimental.
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oftheratiowitihk taward “

valuesof “au=~ cannot
be established.withsatisfac.to~,accuracybecausethelocalbending
stressescamiotbe eliminated,frcmthemeasuredtotalstresses.
Figure17shows,therefore,calculatedande~erimentalvaluesof
m ~= onlyi?ordoubleuprights.3?ora numberofbeamsthecal-
culatedcurvesof -x differbutlittl~fromthecurvesof ~;
forthesebeamstheexperimentalvaluesof %x weresoclaseto
theexperimentalveluesof ~ thatitwasnotfeasibleto showthem
on theplots.l?ortheotherbeamstheexperimentalratioscu-”~au
aregenerallyofaboutthesw& c&d&&..me.gril%udeas thecalculated
values,A closecomya’lsonIshardlywemsntedinviewof-theexperi-
mentalscatter.

Distributioncurvesfor ~ aregivenh figure20. Thetest
pointsrepresenttheaverageof correspondingstationsonthree
uprightsaswellas Me averageofcorrespondingstationstoeither
sideof theneutralaxis,of--thebeem;theyare,tierefore,shown

.

onlyinthelowerhalfofthebeem. Thecurveinthe’lowerhalfis
fairedthroughthetestpoints;thecwrveintheupperhalfissimply
themirrorwage of thefairedcurveinthelowerhalf. Thecurves

.

fortheseriesIVbeamsshowa verypronouncedinfluenceof t@eweb
spliceplatealongtheneutralaxisofthebeams.Thespliceplate
tendstoactlikea beamfleng~inproducing@set effect;in
addition,thespliceplateaddsdirectlytothecross-sectionalqea
of theupright.Alltheseeffectswereneglectedintheanalysis,
aswastheincreaseincriticalshearstressoausedby thesplice
plate.Forpurposes0$’comparison,however,a secondanalysiswas
madeforsixbeemswithuprightfailures,based.ontheassumptlqn
thatthewebplatewassimplysupportedalongthespliceltne.This
assumptionisobviouslyopttiisticd.ndyieldedpredictedfaili~
loads7 percentgreater(averageforallsixbeams}th= theanalysis
neglectingthepresenceofthespliceplate.Ofthed.xbeams,three
werefromNACAseriesIV.andthreewerefrommanufacturerstests.
on shni.larbeams.

, ,..

AN2’LEOFDIAGONALTENSION

In a fullydevelopedd.1.agon~-te&3.on”f~e~,
thediamnaltensioncotncideswithtiedirection

thedirectionof
ofthefoldsIn

theshi~t(reference1). Whenthediagonal-tensionfieldis
.-
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incompletelydeveloped.,as it is in”&nyactu&l.beam,thediagonal
tensicmconstitutesa coqponentofstresswhichisseparatedout
ofthe.totaldtiosspurelymathematically,notphysically.Moreover,
thediagonaltepsiqnthusse~aratedfromthetotalactualstressIs
onlyan averagefortheentirebayanddoesnotdescribethedetails
of thestressvariaticmwithinthebay. Theangleofdiagonal
tensionconsequentlyhearsonlya verylooserelationtothephysical
foldsinthesheet.A studyof thecontourmapofa sheetjustafter
buckling(reference9) showsthatthe%oldsi)arecurvedto suchan
extent~fitan averagedirecticmcamnotbe defined
accvzacy.No attempthasbeenmade,therefore,to
anglesofdiagonaltenstunwithobservedanglesof

,,

,, ,, AILQWDIE

Columnfailure.-‘Outof’
failuresanalyzed,n+tnewere
h figure21,thevaluesof
respectivefai’lingloadsare
nessratfoJTheslenderness

!3TBESSESFORUJ?RIG3TS

toanydegree of
comparecomputed
folds●

a totalof 1?beamswithdouble-upri@t
predictedtofailby columfailure.
au calculatedforthesebeamsat thei&
plottedaga$nsttheeffectiveslenCtei-
ratiosweresufficititlyhightomake

theEulerc~mvoapplicableinallcases;itwas,therefo~e,Ws.sible
toincludeuprightsof24s-Talloyas wellas of7>-T alloy..

,
Theplotindicatesthatformula(lZ?)fores’tkttig”theeffecti?fa

skauiezmessratioi’ssomewhatconservativeconsideringalltests,’but
a sufficientnumb4rof’pointsliesocloseto thecurvethata.less
conserva$imformuladoesno”tappear.adtisable.

Forcedcriwling.failuro.-Testobservatiti,lhasshom,,thatthe
shearbucklesinthewebwilltortebucklingor cripplingof the
upri~ttithelegattachedto theweb. Theamount’oftheforced
crfpplingwillobviouslydependpr@artlyon therelativesturdiness
of theupright&d theweb. Theshnplestpar~ter axpresMng
relativesturdinessistheratio ~/t, an~.i.nreference4 empirical
formulasforallowablestressh theupri@t,w~regivenbased.on this
parameter.Strengthpredio.tionsbasedon thbsefomntias,however,
showeda ratherlargescatter,whichtidicated,thatadditional
parameterswerenecessarytodefinetiefailingstressmoroaccurately.

‘A considerablereductionin thescatterwaseffectedby usingthe

~ter k~~ insteadof “~jt, qndat thesame”time”usfngthe
maxhuminsteadof.theaveragestressh the”uprightg.’(See
formulas(13a)and(133).)
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Figure22 isa plotofvaluesof-cT~ computedfromthe
failtigloadswiththeaidof theanalysischart,forallbeams
of24S-Talloypresumedtohavefaileilbyforcedcrippling.Omitte&
fromtheplotarethreeyointsfora seriesof three10-inchbeams
whichfellfra 100to150percentabovetheaveragecurve.This
discrepancyissolangethatit@etifiesdoubts.as totheaccuracy
ofthetestdata.It,till.benotedthatall the pointsarefairly
uniformlydistributedabouttheaver&go“curve

‘o /%/= s~k! t

Thecurverecommendedfordesign(fonnd.a
edgeof thescatterhand.,lies20 pe~cent

(13d)

13a), whichisthelower
belowthiscwve. Onlya

singlepetitliesapprec~a,blybelowthedesigncurve,andonlyfive
pointsliedistinctlyabovethe.uppere&geof theband,which
is20percentabovetheaveragecurve.Twoofthesepointsarefor
beamshavinga valueof k< 0.5;thisrangewillbe discussed
prommtly.

,
Inaccordancewithfo~ula (13c),an effectivevalueof k was

usedwhent% actualvaluewasbelow.O.5.Itwillbe noted.in
figure22 thatthe-pointforoneof thethree80-inchbeamswhich
fellinthisrangeliesctisidemblyshovetheuppere@e ofthe
scatterband.Forthebeamrepresentedby thishighpoint,the
ratioofactualtopredictedfailinglozdisabove1.41;an exact
valuecannotbe givenbecausetheactualfailurewa&webfailure,
notuprightfailure.(Iiunayhe note~thattheratio1.41ofactual
topredictedfailingloadiiapprectab~ylessthen,theratio1.57
obtainedby comparingtheplottedpointfor

%x
tiththeaverage

curvefor C5 becausetherelattcmbetweena and F is

notlin~~.~=’~
%laX

Ana SISof incompletetestdatqona fewX2-inchbeams
with T/%cr” from1.5 to 2.5(atfailure)indicatedverycloseagref3-
mentin somecasef3andnearly~-percent‘conservativenessinothr
casee.Thesevaluesindicatethatstrenbtipredictionsforbeams

.
designedtofallat ‘< 4 maybe cormid.erably.moreconservative

Tcr
Man indicatedby theupperedgeof thescatterbandinfigure22.

Figure23 showsthattheavailabletestdataonbeamsof
755-Talloywithstigleupri@tsa~ee witifomnula(13d)wi~in the
samescatterlimitsas thosefor245-Talloy,F@ro 24 showsthat

.

.

.
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.

-.— —



.

.

.,

,,
~ucA ~’ ho;~36~ “. ‘ ‘::’. :-”’:::,’’.:]>!s‘.-~-; .;!., ‘- .-.

....,.. . .

noneofthepointsfordouble-upat’ght,,beamsfallbelow
designcurveforsuchbeams(formula~3b);theaverage
by

,- ;’‘
dco ~ 30k ~jt “

,)
.,

~~ichiBa~out14”p&cpntlo%r thanthecorrespont!tng
singleup&ightsgivenby formula(13d).

.“27
“., -.

therecommended
curveisgiven

..
(13e)

valuefor

Generalelasticinstabilityofwebandstiffeners.-E~erience
wi~ simpleelementssuchaspletesand stiffene~stestedas
lndividu~columshas.shovmthat.elasticfnsta’bilitybeginningat
low..stressesisnot..-diately~o~llowedby~ulttite‘failtie;~the
ultimate:loadmaybe,severalthnegthecriticallgad. ~y when
elastictislxibili$yoccursat~ fati~ highstress~oestheulttite
failurefoll~ soonafter. + .,.”. .. ......, ..-,, .,,, ..

A s$nilarc~ditimnappearstoexistregardingthe.genera”~
elasti~instabilityofa’webwtthdoublestiffeners?Analysisof “
testdataby&eans,of e,xistingtheoriesofbucld.ingoforthotropic
plateshasshown:ina numberofcasesthatthsultimateloadwas
severaltimes‘thecalculatedcriticalload.Becauseof experimental
clifficulties,verylittleefforthasbeenmadetodetermineexperi-
mentallytheloadatwhichinstabilitybegtis● Zt shouldalsobe
notedthatexist- theorieshavenotdealtadequatelywiththe
problemofgeneralelasticinstabilitytiwebsystemswheretheweb
hasbuckledbetweenthestiffeners,

Analysisofpreliminarydataon thick-webbe@ns(h/t about100)
hasMdicatedthatperhapssomecorrelationbetweenult!hnatiload
endtheoreticalcriticalloadmaybe establishedif thecritical
stressisdefinztelyabovetheproportionall&ni.tof thematerial.
Becausewebsystemswiththeseproyortionqhavebeenstudiedvery
little,itisnotpossibletostateatpresentwhetheranalysisfor
columnfailureandforcedcripplingfailure,automatical.lycovers
thepossibilityofgeneralinstabilityfailure,overthetitire .
designr~ge. ---- ,. .

.- .- ...-.,. -!. .,. . ,
~D&&;” ,, ,,

Formula(lb)forthepeakwebstressT@= is sf.mpl.ya formula
foblinearinterpolAtlcmbetweenthelimitingcasesofpureshear
(k= O) andpurediagonaltension(k= 1), ThefactorCl is
definedby

11
c1=sin2a

—. (22)
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Qiagonaltension(reference1),

J 2r
Bill2r3 ,(23)

formula(3),‘ a * 45° if the flamgee.andtheuprights
Ue fnftiite~large {6X= cy= 0); inthiscase,“sti2ti= 1;
Th&factorCl’,“?~xesses,therefore,theexcessstresscause&‘
,by,.a”diffe$tngfrom45°,as Itwillinanyactualstructure&.th
mdber’s,offinitesize.ThefactorC2 is sid.lar~equivalent
t~,%e theoreticalfactorC2 givcminreference1. . ‘-,,

Theallowablevaluesfor TMX giveninfigure14werebased
chiefIy cmteatsoflongwebssubjectedtol&ds approximatingyure
shear(refex%nce15). Thesetestsshowed.thattheultimatevalue
Of Tmx .was lnd.eyendentof therivetfactortithepractical

,.
I’s-we,(GR“>o● as lonij as the bearingstressesdfdnotexceed
theallowablevalues.These“testsyieldedvaluesofalloyablp.
stressat”k:= O E@ k = O.3 M showninfigure25. (Thetest
Pointsshownrepresenttheaverageofalltestsoverther&ge of--
rivet,’rfactorcovered.) Theallowablestressesat k = 1.0,wege
e,s~i~ted.aefollows:For fullydeveloped.diagcmalte~itij the“
tinsionstressin thewebisgiv~nby formula(23);tieul.ttite
nominal.shearstressistherefore , .“

. .., ,..

*

.

.

.,
,.T+~”2U

. .
orsomewhatlessthan6/2.Thisstressmust ‘h reducedto take
intoaccbunt’‘tiereductimof sectioncausedby thepresenceof
therivetholksand”,tie,s-hress-ccmcentmtim”effectscausedby
thesehoX.es’;‘I!hecombinedeffectofthesetwofactomwas
estlmateaas0.75for24S-TalloyandasO.8Lfor75S-Talloy,the
latterhavinga smaller~actorof stress,cmcentration.

Figure25 showsalsopointsobtainedfrm testsona square
picture-fremejig(reference16). Thehigherstressesdevelope&
fnthisjigmaykayebeenht~erbecausefrictionbetweenthesheet.
ma thefremeSn$lebre’lievedtherivetedjoint.me effectof ~ .
frictionc=;be quttehigh,butit?~oul.dprobaldynotbe relied-
m tooy?yatpunder@ervicec“cm.di.ttbns,

.

. .
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h sixNAC!Abeamteststiwhichwebfailure&s’predictedand
observed,,theratioofactual,topredictedfailingloa&ranged
from0.95toI..(36,withen averageof L.OL.~ sixmanufacturers~
tests,theratiowas1.14A 0.06. Theallowablestressesobtatied
fromfigure14arethereforesomewhatconservativeon theaverage.
Allthesecomparisasarebasedonaotualmaterialproperties.me
twoprematurewebfailuresshownin table2 wereduetodamage
causedby shopaccidentsendshouldbe disregarded.

RIVETDESIGN, .,

Web-to-flsn~erivets,-Failuresofweb-to-flangerivetswere
observedinfivemanufacturers1tests.Whenactualrivetstrengths. as determined,,byspecialtestswereueedas allowablevalues,the
strengthsdevelopedin‘tiehem testsrangedfrom3 ‘percentlower
to16percenthigherthq predicted,withanaverageof7 percent

.higher.Whennominalrivetstrengthswereusedasallowable
strengths,theactualvaluesrangedfmm 37percentto60percent
higherthanpreticted.Thesevaluesreflectthewell-knownfact
thatnominalrivetstrength=areusuallyquiteccmservative.

Formula(15) fortheload(perinchrun)on theflangerivets
isa formulaforstraight-linetnterpolatimbetweentheUm.iting
cases k= O ~d k = 1.0. If theengineeringtieoryof incomplete
Uagonaltensimwereinterpretedliterally,separaterivetloads
would~e computedfortheshearcomponentandthediagonal-tensicm
com@n~toftheshearload,andtheseloadswouldbe added
vectorially.Theresultingformulawouldbe from7 percentto
9”percentlessconservativethanformula(15)in tierangeof th9
fiv?testsunderdiscussion.Consequently,ifactualrivetstrengths
hadbeenusedas allowablestmngtha,thestrengthpredictions
ba&@ cm thiemorerationalformulawould”havebeenabout2 percent
unconservativeon theavera~eandup to12pe~centunconservative
intheextremecase. Themorerationalformulais there~ore
Unconservatfveby a sufficientmargintogivepreference,to
formula(15). It shouldalsobe realizedthatthegreaterration-
alityislargelyspurious;theengtieeringtheo~ of incomplete
diagonaltendonclaimsonlytorepresenttheaveragestress
conditionina bay,andtheseaverageconditionsdonotexist
alongtheedgesof thebaywhere”’therivetsarelocated.

Web-to-uprimtrivets.-Formyla(16) fortherivetshear
str&gthrequiredind~uble’uprightsisa semiempirkeJformula
endwas,takenfromreference17. We testsdescribedin the
referenceshowedthatthecolumnstrengthdevelopeddoesnotdepend
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wry criticallyon’therivetstrength;figure”4of thereference
shows,forirmtanco,thata reductionof theriveiatrc3n@
to50yercentof therequired,valuere’dnces;thecolunmstrength
ontheaverageto 92percentof thevalue-obtainablewithadequate
riveting.Theaveragecurvein this:figurewasused.forevaluating
theearlyNACAbeamtestsinwhichtheriveh strengths”were
Generally10ssthanrequiredby formula(16).,.

.

.

Slormulas(1’7)and(18)fortherequiredt~silestren@hsof
therivetsrepresentan attempttmprovidea criterianforsafe-
guardingagainsta typeofi’ai.lurescmetimesobservedtntests.
It-isespeciallyimportantforsingleUprightsjbecauseno
criterionprfivio~~yexistedtodeterminetherequired.rivet
Strength.Be%auseno t@s havelwmnm@e-to.ch~ck~pec.~ically
on thisitem,..theavailableevidence”is.rathekfragmentaryand.-
largely‘mgativo;tlyitIs, .timosttestsno fai.lumqwereobserved..
(oratleastnonewererecorded).An adti%i.onalcliffictityis
thatrivetfailures*O M* found~ter tiefailureoftheheo.m,
and.it ibthenimpossibletoslxxtewhethertherivetyailurewaBa
primaryoneresponsible.forthe%esmfailureora secondaxyone,
thattiok~lacewhilethebeamwasfailingforo~er reapons.In
view-of alltheseuncertainties,“thecoefficients@wn in’‘
formulas,(17) and (18) sho~dbe consideredcmly,astentativevalues,

Forsingleupri@ts;theanalysiswasbasedona totalo&21 tests. .
Threefailureswereobserve~wi.’thth:d.doefi?iclentinformula[z$)
tin@.zngfro&‘O*IOto0.13.No failurc~wereobservedin“the
remaining18beams,forwhichtiecoefl’icient-W.nged“frorn0,18
h O;31.“Therewereonlytwotestsinth,$ranGefro’h0.18to0.22,
however,“the.~emainin~16,bee.mkha-~f~co~fficients‘a’hove”0f22.
Thecoofficieritforthe‘desi@formulawastherefore‘takenas 0“.22
~ ordpr”‘tobe c~servative.IfmoreWqts ka&beenavalhbleill
theran~efrono.I~too.18~n lowercoefficientinthedesign
formula%ght -have“%eenjustlficd. Although thecoefficient0.22
nayappeartobemoreconservativethannecassaryif.&e”testsare
takenatfacevalue,it isnotticmsidermiW beundulysevere.All
*hemanufacturer1sbeamsqialyzodlf&illedthiscrltsrim,“and
presumablytheyrepresented&cceptable”“rivetingpreetices.The
lowerrttitstrengthstn~orporatedin& fiuniper”of theS?ACAlmams
arosefromthofactlihat”thesebe~ wer~ti”tibna6&p“riimri~for
strain-gagetests:W determinethedia~onal-tensionfactork. lh
ordertoacccinodatethestr~ingages,the“rivetpitchwasincreased
insomecases;tiothercasescountersunkrivetswereusedwhich .
havea relativelylowtensilesti’ength;. ,.. ... .,... .

-.

Onbeamswithdoublbupvighta,twofailureswereobse?&edwith
.

coefficititsof0.09to0.13.No ftailuresw&e o’bkozwdonfour
beamswithcoeffIciontwabove0.12andon twobeanswithcoefficients
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of 0.07 and0.08, Thesuggestedilesi~ coefficientof0.15is
thereforeprobablyconservative.Failureswereobservedon several
beamswithcoefficientsrangingfrom0.07to0.27,buttheshear
strengthsoftherivetscm thesebeamswere fra 25 to75 percent
belowthestrengthsrequiredby fo- (16); these failureswere
thereforeattributedto shearratherthanto tensileloads.

Upright-to-flange rivets,-Althoughtestsona ratherlarge
nuniberofbeamswereavailableforanalysis,therewerealmostno
recordsoffailureinupright-to-fI.angerivets.~iS lackof
failurescanprobablybe attributedto tieuseof veryconservative
desiqformulasbasedonpure-diagcme,l-tensicntheoryorslight
modificathnsofthistheory.In theNACAbeamsof seriesII
endIII,theexcessstrengtharosefromthefactthatthebeam
flsngeswereusedfora numberof tests,andboltsinsteadof
rivetswereemployedforallflangeconnectionsh orderto
facilitatedisasserdil.yaftera test.

For‘beauswithdoubleuprights,onerivetfailurewasrecorded.
Theexistingnomhalrivetstiengthwa~@ about5 percentbelow
therequiredstrength.Theexistingactualrivetstrengthwas
thereforeprobablywellabovetherequire~da?ength,butthe
analysiswasveryuncertainbecauseofa peculiardesi~feature
(remorceduprf@t)Q ~ threebemus,no fail-s wererecorded,
althou@theexistingnominalrivetstrengthsrangedfrom0.47
to0.76of therequiredstrength;thesevaluesaresolowthatthe
existingactualrivetstrengthswereprobablybelowtherequired
strengthsinat leasttwocases,Theavailableevidenceappears$
therefore,to Justifytheconclusionthatformula(19) forthe
rivetstrengthrequiredcm theendsofdoubleuprightswould
generallybe safeevenifactualrivetstrengthswereusedas
allowablevalues.

Forbesmswithsingleuprights,thereweretworecordsoffailure
althouglhtherivetstrengthswereappreciably@“eaterthanrequired.
Theanalyseswereextremelyuncertain,however,becauseseveral.
importantdimensionsof thebeamswerenotgivenandhadtobe
estimatedor inferred.Againstthesetworecordsoffailurethere
are13 records of successfuljointsinwhichtheratioofexisting
nominalrivetstrengthtorequiredstrengthwaslessthanunity,
thetwolowestratiosbeingO.@ and0.53. ~tap~earstherefore
reasonablysafetodrawthesameconclusionasfordoubleuprighk,’
thatis,thatformula(20)wouldprobablybe safe,ingeneral,even
Ifactualrivetstrengthswereusedasallowablevalues.An
appreciablemargjmOf safetyshouldexistinpracticebecausethe
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allowablestrengthvaluesZorrivetsarelikelyto‘bewellbelow
the&ctualotren@ha.Itmightbe potntedoutalsothatfonml@S(19)
and(20)areinherentlyconservativebemusetheyneglectthegusset
effect;however,thiseffecth mall inmanybeamsandmaybe
overshadowedbyvnpredictablohregularitiies.

WKXWARY J31?.ND3NGMOMENTSDJFL4NGES .

Experimentalevidenceon secondarybendingstressestn the
~lengesIsconfinedtoa fewmasuromentsgiveninreference3.
Flostof thesemeasurementsweremadeonleanswithveryflexlble
flangesbeyond,therengeof efficlmtdesi~endshowedthepre-
dictionstoh veryconservative.Izlthe-e ofnormalflange
fIexibilities,thepredictionsweresomewhatconservative.
Formula(21)isprobablyalwayscomervativebecauseItneglects
thefactthata webinincompletediagaaaltemsionccmtributesto
theeecticmmodulusof theteamflangee.

SHE4RUKD?T?NESS(M’

Thedeflectionofa cantilever’beam
theso-called%endin~deflectionandthe
totheformula

-T 3 “oT

iscalculatedby adding
sheardeflectionaccording

whereGe istheeffectiveshearnodulusgivenbyfigure15. This
effectiveshearmoduluswascalculatedasfollows:Accordingb
formula(4),theshearload S canbe dividedintoa shear
compmentanda diagonal-tensicmccmponent.Thetotalshear
deflectionis thesumofthetiflectionscausedby thesetwo
components;theeffectiveshearmodulusforincompletediagonal
tensionIsthereforedefine”dby therelation

(24)
.

‘ilwe %T isthe@ffecld-veshearmodulusora we~inpure
‘diagcmaltension.Thevalueof ~ canbe calculated3Y the
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relationsgiveninreference1. A convenientformulawhtchcanbe
derivedfromtheserelatimgis

E sin2o!
%T= 2 (25)

on thesiqlifyfngassumptionthatthebeamflengessre.sufficiently
largetogermitneglectingthestrain~x causedly thehoripntal
componentof thediagonal-tensionforce.

Whenthewebstressesexceedthe‘proVortlcmallimit,~a corrected
valueCe must%e used.A tentativecurve.for @e/Ge =S giventi
referencek. TIIiscurvewasbasedona smallnvnberofunpublished
testsand.isratheruncertdn.Sincetheshapeof thestress-strati
curveisknowntobe quitevariablewiththeexistingtolerances
ofcompositionofmaterialandheattreatmmt,it isnotlikely
thata highaccuracycanbe achl.evedinyredict~ deformatimsat
stressesnearorbeyond.theyieldstress.Fortunately,thereappears
tobe no practicalneedforstichaccuracy.

Yigure 26 showsexperimentalandc~culated.deflectionsforthe
beamsofseriesI. Theagreementisverysatisfactory.

Lex@eyMemorialAeronauticalLaboratory
NationalAdvisoryCimmxl.tteeforAeronautics

LangleyField,”Va.,April2, 1947 ;
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